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Abstract: Dipeptidyl peptidases 8 and 9 (DPP8/9) have
gathered interest as drug targets due to their important
roles in biological processes like immunity and tumori-
genesis. Elucidation of their distinct individual functions
remains an ongoing task and could benefit from the
availability of novel, chemically diverse and selective
chemical tools. Here, we report the activity-based
protein profiling (ABPP)-mediated discovery of 4-oxo-
β-lactams as potent, non-substrate-like nanomolar
DPP8/9 inhibitors. X-ray crystallographic structures
revealed different ligand binding modes for DPP8 and
DPP9, including an unprecedented targeting of an
extended S2’ (eS2’) subsite in DPP8. Biological assays
confirmed inhibition at both target and cellular levels.
Altogether, our integrated chemical proteomics and
structure-guided small molecule design approach led to
novel DPP8/9 inhibitors with alternative molecular
inhibition mechanisms, delivering the highest selectivity
index reported to date.

Introduction

The dipeptidyl peptidases 8 and 9 (DPP8/9) are members of
the serine hydrolase subfamily S9B that cleave N-terminal
dipeptides preferentially after a proline residue from
substrates.[1] Both enzymes were originally identified as
homologues of DPP4, a protease that plays a prominent role
in glucose homeostasis by controlling gastrointestinal incre-
tin hormones. DPP4 is an important target for the develop-
ment of type II diabetes chemotherapies with several
inhibitors in clinical use today.[2] Whereas DPP4 is extrac-
ellular, DPP8/9 appear primarily intracellular and perform
distinct, non-DPP4-related biological functions. They are
particularly known for their key roles in the immune
response, e.g., by controlling inflammasome and pyroptosis
activation.[3] In addition, they have also been implicated in
many other biological processes such as apoptosis, adipo-
genesis, spermatogenesis, cell cycle regulation or chemo-
sensitisation of Leukemia cells to cytotoxic agents.[4]

The assignment of individual DPP8 or DPP9 functions is
an ongoing challenge and active line of research. While
DPP8 has emerged as a relevant target for multiple
myeloma cancers, a role in cell proliferation, migration and
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invasion of non-small cell lung cancer was attributed to
DPP9.[5] Furthermore, DPP9 has been identified as rate-
limiting for the proteolytic processing of proline-containing
cytosolic peptides and to modulate the presentation of
proline-containing peptides by the MHC class I system, to
regulate B-cell receptor-mediated signaling and repair of
DNA damage.[6] Recently, DPP9 was also linked to severe
Covid-19 disease progression.[7] Overall, it is becoming
obvious that DPP8/9 display not only redundant but also
distinct biological functions. Accordingly, chemical inhib-
itors with differential DPP8/9 inhibitory properties may
represent promising chemical tools and serve as a starting
point for future DPP8/9 selective chemotherapy develop-
ment.

DPP8 and DPP9 share an overall identity of 58% and an
identity of 92% in their active site.[8] Their overall structure
is highly similar to DPP4 as all three enzymes have a highly
conserved C-terminal α/β globular domain, which encom-
passes the catalytic triad, and an N-terminal β-propeller
domain, where most ligand-binding elements reside and
most structural variations between DPP4 and DPP8/9 are
located. The S1 subsite is conserved in all three enzymes,
but the S2 subsite diverges significantly and is larger in
DPP8/9. The few small differences in the active site of DPP8
and DPP9 have little impact in the overall structure and
reactivity due to mostly conservative amino acid
substitutions.[9] Unlike DPP4, DPP8 and DPP9 undergo a
rearrangement of a region called the R-helix upon ligand
binding, which participates in the shaping of the substrate
binding site. A key difference between DPP8 and DPP9
seems to be a region contained in the R-segment, a solvent
exposed loop containing two consecutive histidines in DPP9
and aspartic acid and tyrosine in the analogous DPP8
positions.

Due to this high structural similarity and the lack of
crystallographic data, which was only recently disclosed, the
elucidation of selective DPP8 or DPP9 inhibitors has
remained a demanding task.[8b] Despite this, several active-
site substrate-like DPP8/9 inhibitors accommodating the S2–
S1 subsites have already been developed and are regularly
applied in biochemical and biological assays. These include
non-covalent, reversible inhibitors such as 1G244, a moder-
ately selective DPP8-inhibitor (�4-fold selectivity vs. DPP9,

no DPP4 inhibition) with an isoindoline scaffold at the P1-
position and a bulky difluoro-benzhydryl-piperazine moiety
at the P2-position (Figure 1).[10] Systematic variation of
1G244 then led to the development of 1G244-12n with a
�10-fold DPP8 over DPP9 selectivity.[11] The peptide
SLRFLYEG represents another non-covalent DPP8/9 selec-
tive inhibitor; this compound binds also in a substrate-like
fashion to the active site.[12] An example for a reversible
covalent inhibitor is the frequently used DPP broadband
inhibitor Val-boroPro (VbP), also known as Talabostat,
inhibiting DPP4/8/9 at comparable levels.[13] Finally, irrever-
sible covalent inhibitors are also known, such as a phospho-
nate-based isoindoline derivative (Lys-phospho-isoindoline)
with pronounced DPP8 over DPP4 selectivity;[14] unfortu-
nately, its selectivity vs. DPP9 has not yet been reported.

Although these studies demonstrated that proper target-
ing of DPP8/9’s S2–S1 subsites may generate DPP8/9 vs.
DPP4 selective inhibitors, the strong structural homologies
in these regions of the proteins complicate a design of DPP8
vs DPP9 selective inhibitors.[9] Indeed, crystallographic and
cryoEM studies on the binding modes of 1G244, VbP (both
to DPP8/9) and SLRFLYEG (to DPP8) revealed a highly
similar and induced fit binding mode that includes a
structural ordering of the R-helix located near the β-
propeller domain upon inhibitor binding.[4e, 15]

Stepping up to the DPP8 vs. DPP9 selectivity challenge
therefore requires the development of strategies for identify-
ing inhibitors with alternative binding modes and inhibitory
profiles. An approach to identify and characterize inhibitory
profiles of chemical compounds is activity-based protein
profiling (ABPP).[16] In ABPP, chemical probes known as
activity-based probes (ABPs) are used to covalently label
the active sites of enzymes and provide dynamic profiles of
their activities in complex proteomes.[17] ABPs, consisting
mainly of a covalently binding reactive group and a reporter
tag, require a catalytically active enzyme and a non-occupied
active site for target labelling. Their application allows
monitoring of enzyme activity under various physiological
conditions, including after preincubation with potential
inhibitors targeting and occupying their active sites. This
‘competitive ABPP’ approach generates a rapid inhibitor
screening on the proteome level and provides early data on
potency and selectivity.[16, 18]

Figure 1. The development of DPP8/9-selective inhibitors remains a challenge. Chemical structures and inhibition potencies of selected DPP
inhibitors; all known inhibitors target the S2–S1 subsites.
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In the present study, we investigated the target reper-
toire of N-phenyl 4-oxo-β-lactams. These compounds are
known to inhibit serine proteases such as human neutrophil
elastase by a covalent binding mechanism, but their
proteome-wide target engagement has remained
unexplored.[19] We therefore performed ABPP experiments
and serendipitously discovered that N-aryl-meta-substituted
analogues are potent DPP8/9 inhibitors. Subsequent struc-
ture–activity-relationship studies and crystallographic analy-
ses of their binding modes then revealed that DPP8
inhibition was based on a unique, non-substrate-like binding
mode, which resulted in the best DPP8/9 selectivity index
reported to date.

Results and Discussion

We first used a rhodamine-tagged 4-oxo-β-lactam ABP 1 in
a gel-based ABPP approach to profile HEK293T and U937
whole cell lysates (Figure 2A, B).[20] Concentration-depend-
ent labelling of distinct proteins was observed; at low and
thus biologically more relevant concentrations (0.1–10 μM),
only selected proteins, e.g. at a molecular weight of
approximately 25, 75 and 100 kDa, were predominantly
labelled, suggesting a distinct target selectivity which may
open possibilities for the development of selective inhib-
itors.

Figure 2. Reactivity analysis of the 4-oxo-β-lactam moiety using gel-based ABPP. A) The rhodamine-tagged 4-oxo-β-lactam ABP 1 was used in a
comparative ABPP approach. B) Gel-based ABPP analysis of HEK293T and U937 whole cell lysates with different concentrations of ABP 1 revealed
distinct and selective protein labelling. C) General competitive ABPP platform for competitive profiling of serine hydrolases. Native proteomes are
treated with either a DMSO control or 4-oxo-β-lactams 2–9, followed by general serine hydrolase labelling with the ABP FP-Rhodamine.
Suppression of FP-Rhodamine labelling then indicates binding of 4-oxo-β-lactams to the active sites of serine hydrolases. D) Gel-based analysis of
the competitive ABPP experiment of 4-oxo-β-lactams 2–9 in U937 whole cell lysates. Suppression of fluorescent signals at ca. 100 kDa in the
soluble fraction (asterisks) suggest compound-mediated inhibition of DPP8/9.
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To investigate if suitable modification of the 4-oxo-β-
lactam reactive group would result in more selective
compounds, a competitive ABPP approach with a focused
library of N-phenyl 4-oxo-β-lactams with chemically diverse
substitutions at the para-, meta- and ortho-position was next
performed (Figure 2C, D). Fractioned U937 cell lysates were
preincubated with varying concentrations of these 4-oxo-β-
lactams, followed by general serine hydrolase labelling with
the ABP fluorophosphonate-rhodamine (FP-Rh).[21] In this
experimental setting, concentration-dependent disappear-
ance of bands can be directly related to 4-oxo-β-lactam-
triggered serine hydrolase inhibition. In contrast to com-
pounds 2–5, their meta-substituted counterparts 6–9 reduced
FP-Rh labelling of a band at ca. 100 kDa, which was
annotated as DPP9 (98 kDa) in previous studies with FP-

based ABPs.[22] Of note, DPP8 (103 kDa) would migrate in a
similar region but has much lower expression levels,
hampering its direct detection by this gel-based approach.
Overall, the competitive gel ABPP approach suggested that
meta-substituted N-phenyl 4-oxo-β-lactams, in contrast to
ortho- or para-substituted analogues, might target DPP9
with high potency and significant selectivity, even in the
presence of a full proteome.

A mass spectrometry-based ABPP approach using
Stable Isotope Labeling with Amino acids in Cell culture
(SILAC) quantification and the ABP 10 (Figure 3A), a
biotin-labelled variant of 1, in U937 cell lysates revealed
several serine hydrolases as direct 4-oxo-β-lactam targets,
including members of the DPP4 activity and/or structural
homolog (DASH) family such as fibroblast activation

Figure 3. Identification of 4-oxo-β-lactam targets by mass-spectrometry based ABPP. A) Structure of the biotinylated 4-oxo-β-lactam ABP 10 and its
use in a comparative ABPP approach. Enrichment of the direct targets of compound 10 (10 μM) (results filtered for SILAC Ratio >3;
Ratio=compound 10/DMSO) confirmed labelling of several DPP enzymes, including DPP8 and DPP9. B) Overview on the competitive mass
spectrometry-ABPP workflow (upper panel). (Lower panel) Competitive ABPP profiling with compound 8 (10 μM) and FP-biotin (10 μM) confirmed
DPP8 and DPP9 as high occupancy targets of 8, together with other enzymes like FAP and HNE (results filtered for serine hydrolases and SILAC
Ratio >3; Ratio=DMSO/compound 8).
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protein alpha (FAP), dipeptidyl peptidase 7 (DPP7), DPP9,
as well as prolyl endopeptidase (PREP), acylaminoacyl-
peptide hydrolase (APEH), lysophospholipase 1/2 (LY-
PLA1/2), serine carboxypeptidase 1 (SCPEP1) and prolyl
carboxypeptidase (PRCP) (Figure 3A). In addition to the
previously mentioned DPP-associated functions, these en-
zymes are related with important biological functions like
lipid metabolism (LYPLA1 and 2), damaged protein
turnover (APEH), hormone and neuropeptide metabolism
(PREP) and blood pressure regulation (PRCP and
SCPEP1), among other roles.[23] Importantly, all identified
targets are proteins from the serine hydrolase family.

To validate the findings from the competitive gel-based
ABPP experiments and to quantify target occupancy, we
next used competitive mass spectrometry-based ABPP (Fig-
ure 3B) with the model compound 8. To this end, SILAC
U937 whole cell lysates were treated with either 8 or
DMSO, followed by broadband serine hydrolase labelling
with fluorophosphonate-biotin (FP-biotin). SILAC samples
were combined, analysed by LC–MS/MS, and the resulting
SILAC ratios were calculated, confirming the results from
the competitive gel-based screen and revealing high target
occupancy binding of 8 to only a small subset of serine
hydrolases, including FAP, Human Neutrophil Elastase
(ELANE), DPP9, ABHD16A and DPP8 (SILAC Ratio
>3).

We were particularly intrigued that 4-oxo-β-lactams
display a promising DPP8 and DPP9 inhibition profile and
therefore decided to focus on investigating their molecular
basis of inhibition and how this can be used to develop
inhibitors with improved DPP8 vs. DPP9 inhibition selectiv-
ity. Our proteomics studies however showed that these
compounds may also inhibit other enzymes such as FAP,
ELANE or ABDH16A which has to be kept in mind when
using these compounds in biological assays.

Given the novelty of the 4-oxo-β-lactam as a scaffold for
DPP8/9 modulation, we wondered if our compounds shared
structural similarity to previously reported DPP8/9 ligands.
While some of our compounds contained recognition motifs
known to efficiently contribute to DPP8/9 inhibition (e.g.,
the bisbenzyl system in 7 that is also found in 1G244), there
was no previous report on the inhibition of these enzymes
by a 4-oxo-β-lactam or other 4-membered ring chemotypes.
We analysed the structural similarity of these compounds to
known DPP8/9 inhibitors described in ChEMBL v27 by t-
distributed stochastic neighborhood embedding (t-SNE).
Using the ECFP4-like Morgan fingerprint (radius 2,
2048 bits), we obtained an average Tanimoto index <0.13
when comparing 6–9 to DPP8/9 reference ligands. In all
cases, a Tanimoto similarity lower than 0.34 was found for
their nearest neighbours which is well below the usual
threshold of 0.85 that denotes similar ligands (a Tanimoto
index of 1.0 denotes two identical molecules while a value of
0 denotes complete dissimilarity).[24] This data further
corroborates 4-oxo-β-lactams as a novel chemotype in the
DPP8/9 inhibitor space as a result from an unusual
topological pharmacophore feature arrangement, and is
exemplified by their outlier position in the DPP8/9 inhibitor
cluster (Supporting Information Figure S1.4.).

Concentration-dependent competitive labelling experi-
ments with 6–8 and the ABP FP-Rh in cells overexpressing
selected DASH family hydrolases allowed determination of
their inhibitory IC50 values in a complex proteome (Table 1).
The compounds potently inhibited DPP8 and DPP9 in the
nanomolar range (8 inhibited DPP9 in low micromolar
range), with 6 being moderately more active. In all cases,
DPP8 was more potently inhibited than DPP9 (IC50 of
137 nM vs. 409 nM for 6, 393 nM vs. 950 nM for 7, 292 nM
vs. 1033 nM for 8). DPP4 was approximately 10-times less
efficiently inhibited and DPP7 was not inhibited at all at the
tested concentration range. Overall, these ABPP experi-
ments indicate that 6–8 potently inhibit DPP8 and DPP9 as
high target occupancy labelling events.

While competitive ABPP screening is invaluable in
providing early access to potency and selectivity properties
of chemical inhibitors in complex proteomes, a systematic
determination of structural determinants relevant for inhib-
ition can be hindered by various factors such as problems
arising from different enzyme expression levels of DPP8 and
DPP9 in cells.

To gain further insight into the structural determinants
underlying DPP8 or DPP9 inhibition, selected 4-oxo-β-
lactam derivatives were synthesized and tested in biochem-
ical inhibition assays; the corresponding results are reported
in Table 2 and Supporting Table S1.5. Along these lines, we
first determined the Ki’ of 6 in these assay conditions and
confirmed potent, nanomolar inhibition of DPP8 (26.3 nM)
and a ca. 7-fold less potent, nevertheless still nanomolar
inhibition of DPP9 (184 nM). We then investigated the
impact of a structural reduction of the inhibitor by removal
of the terminal aryl moiety (compound 11, Table 2). 11
displayed a Ki’ of 528 nM for DPP8 and was inactive
towards DPP9 in the tested concentration range. Interest-
ingly, further structural reduction by additional removal of
the piperazine moiety then led to a completely inactive
compound at the tested concentrations (Supporting Infor-
mation Table S1.5.).

To shed light on the underlying molecular basis of
inhibition, we performed X-ray structural analyses of 6 and
11 in complex with DPP8. The obtained structures contained
two protomers in their asymmetric unit and a final
resolution of 2.6 and 2.8 Å for 6 and 11, respectively.
Electron densities unambiguously demonstrated the pres-
ence of a covalent bond between the different ligands and
DPP8 through acylation of the S755 residue. Interestingly,
binding of 6 to DPP8 occurred via an unprecedented binding
mode (Figure 4A): instead of occupying the S2–S1 subsites
which are accommodated by substrate-derived inhibitors

Table 1: IC50 values [nM] determined by competitive ABPP for the 4-
oxo-β-lactams 6–8.

6 7 8

DPP8 137�40 393�55 292�42
DPP9 409�78 950�297 1033�225
DPP4 1398�298 1182�444 2699�617
DPP7 >10000 >10000 >10000
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such as VbP or 1G244, the terminal aryl moiety of 6
protrudes into a previously unrecognized non-substrate like
hydrophobic subsite located in vicinity of the S2’ subsite (we
will refer to this region as an extended S2’ (eS2’) subsite
from here on). Additionally, no ordering transition of the R-
segment occurred and a highly disordered H865 segment
(Figure 4A, indicated with an arrow) as well as a disrupted
SUBA-domain (SUMO-binding arm for activation of DPP8/
9) was observed.[25] The importance of the terminal aryl
moiety for accomplishing this binding mode was demon-

strated by the cocrystal structure with 11 (Figure 4B):
absence of this moiety resulted in an overall turn of the
binding orientation into the S2–S1 subsites, an induction of
a partially ordered R-segment and the presence of a
structured H865 segment and the SUBA-domain. An
ordered H865 segment is required for substrate binding and
plays a key role in ordering of the catalytic triad (S755-
H865-D833). These results thus indicate that 6 seems to
induce a catalytically incompetent conformation while 11
binds in a classical substrate-like fashion. This finding shows
that the 4-oxo-β-lactams can adopt two different binding
modes, substrate- vs. non-substrate-like. The selection for
the non-substrate-like binding mode is thereby triggered by
proper derivatization at the piperazine moiety.

To explore the impact of the aryl handle on inhibition,
derivatives with a naphthalene or quinoline residue instead
of the bromophenyl residue were also generated (Table 2,
compounds 12–13). From all synthesized compounds (Ta-
ble 2 and Supporting Information Table S1.5.), the
naphthalene compound 12 was the most selective DPP8
inhibitor, inhibiting DPP8 with a Ki’=95.0 nM, while DPP9
was not inhibited at the tested concentrations (Ki’>
2000 nM, resulting in a at least 21-fold selectivity). The
crystal structure of 12:DPP8 showed a similar ligand-protein
interaction pattern as 6 (Figure 5A), highlighting again the
relevance of the eS2’ site for DPP8 inhibition. In contrast,
the quinoline compound 13 that differs from 12 only by the
presence of a nitrogen moiety in the aromatic system, was a
better DPP9 than DPP8 inhibitor (DPP9 Ki’= 34.2 nM vs.
DPP8 Ki’= 174 nM, 5-fold DPP9 selective). To investigate
the molecular basis of its potent binding to DPP9, an X-ray
structure of 13 in complex with DPP9 was measured. This
analysis revealed that 13, in contrast to the binding mode
observed in 12:DPP8, binds in a classical substrate-like
manner, i.e., it occupies the S2–S1 subsites of DPP9 (Fig-
ure 5B), despite the apparent presence of an eS2’ subsite

Table 2: Inhibition profile of 4-Oxo-β-Lactams.

Ki’ [nM][a] DPP8/DPP9

R DPP8 DPP9 Selectivity

6 26.3�2.6 184�38.4 7×

11 528�175.5 >2000 >4×

12 95.0�15.5 >2000 >21×

13 174�55.3 34.2�30 0.2×

14 >2000 >2000 n.a.

9 2.7�0.6 11.4�3.5 4×

[a] apparent Ki values (Ki’) were calculated from enzyme kinetic
analyses in presence of different inhibitor concentrations and fitting
with the Morrison equation. This equation is usually used for tight-
binding inhibition and represents a suitable proxy for covalent
inhibition. Errors represent the 95% confidence interval fit.

Figure 4. X-ray analyses of 6 (PDB ID: 7OZ7) and 11 (PDB ID: 7A3L) in complex with DPP8 revealed two distinct binding modes. The omit map
difference electron density (Fo� Fc) for the ligands is displayed at 3σ. A) 6 occupies the S1’ and an eS2’ subsite. Binding is associated with a
disordering of the H865 segment (blue arrow) and of the SUBA domain. B) In contrast, 11 binds to the S2–S1 subsites frequently occupied by
classical mechanism based DPP8 inhibitors. The corresponding H865 (blue arrow) and SUBA domains remain ordered.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202210498 (6 of 10) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2022, 47, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202210498 by A

lbert-L
udw

igs-U
niversitaet Freiburg U

niversitätsbibliothek, W
iley O

nline L
ibrary on [16/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



also in DPP9. We can therefore only speculate why eS2’ is
not targeted by 13. One such explanation could be a slight
shift of the orientation of arginine residue R843 (R868 in
DPP8) which could partially occlude entry into this subsite.
Independently of the exact mechanism underlying the
selection of the binding mode, these findings indicate that
inhibitors targeting eS2’ in DPP8 may display potential
DPP8 vs. DPP9 selectivity. The eS2’ subsite thereby seems
to display defined structural determinants as introduction of
a spatially more demanding pyrene substituent (compound
14) instead of the naphthalene residue led to an inactive
compound, indicating a limited steric tolerance. The intro-
duction of a flatter and conformationally less flexible TDIQ
substituent in 9 resulted in the most potent inhibitor of this
study (Ki’=2.7 nM for DPP8 and 11.4 nM for DPP9). Yet,
DPP8 vs. DPP9 selectivity was weak and crystallographic
analysis of the binding mode revealed a complex binding
pattern, consisting of the simultaneous alignment of two
ligand molecules in the binding pocket (Figure 5C). Indeed,
one ligand was covalently bound to the S755 residue and
pointed in a substrate-like fashion towards the EE helix; the
other ligand occupied the eS2’ subsite via a non-covalent
interaction. This “dual binding mode” together with the
previous findings suggest that both binding to the S2–S1
subsites or to the hydrophobic DPP8 pocket results in
similar binding affinities. On the other hand, selectivity
seems to be driven by preferential binding to the S1’–eS2’
subsites.

Overall, we propose that the differential binding mode
and specificity of these ligands depend upon divergent
structural features of DPP8 and DPP9. Specifically, an
extended active site on DPP8 can more easily exhibit the
two ligand binding configurations observed in our study,
with inhibitors targeting the eS2’ subsite causing high
structural instability on DPP8. Conversely, DPP9 has a more
strict ligand binding mode, limiting the orientation of
molecules to only substrate-like types. Moreover, DPP9
does not show signs of structural instability, and in contrast
to the DPP8-ligand-bound structures, the R-helix and addi-
tional structural motives are clearly defined by electron
density. Of note, these findings were corroborated by the
synthesis and structural analysis of further 4-oxo-β-lactam
derivatives; for these cases, more selective inhibitors
preferred accommodation of the S1’–eS2’ subsites in DPP8
(Supporting Information Table S1.5. and Supporting Infor-
mation Figure S1.6.).

So far, the developed 4-oxo-β-lactams were shown to
display promising DPP8/9 inhibitory properties in biochem-
ical assays. DPP8/9 inhibitors like VbP and 1G244 are
known to promote activation of the NLRP1 inflammasome,
with maturation of pro-inflammatory cytokines such as IL-
1β or IL-18, followed by a specific form of lytic cell death
called pyroptosis.[4d,e, 13] To demonstrate target engagement
of 4-oxo-β-lactams also in living cells, we therefore deter-
mined compound-triggered inflammasome activation in
myeloid cells. To this end, we quantified IL-1β and lactate
dehydrogenase (LDH) as a measure of lytic cell death in
murine bone marrow-derived dendritic cells (BMDCs) after
treatment with the 4-oxo-β-lactams 6, 9 and 12 or the

Figure 5. X-ray analysis of 12 (PDB ID: 7A3J) and 9 (PDB ID: 7A3G) in
complex with DPP8 and 13 (PDB ID: 7ZXS) in complex with DPP9
reveals three distinct binding modes. The omit map difference electron
density (Fo� Fc) for the ligands is displayed at 3σ. A) 12 displays the
best DPP8 selectivity. Its overall binding mode resembles the one
observed for 6, indicating that subtle interactions at the end of the
pocket define DPP8 vs. DPP9 selectivity. B) The 13:DPP9 structure
shows the classical substrate-like inhibitor alignment, occupying the
S2–S1 subsites. C) 9 is the most potent DPP8 and DPP9 inhibitor of
the compound series. Its binding mode is more complex, consisting of
an arrangement of two ligands into the active site region; one ligand
binds to the S2–S1 subsites, while the second occupies the S1’–eS2’
subsite region.
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positive controls VbP and 1G244 (Figure 6A). All three 4-
oxo-β-lactams triggered caspase-1 dependent IL-1β release,
as well as pyroptosis in a concentration dependent manner,
with 9 being most active. All three compounds were,
however, less active than the control compounds VbP or
1G244.

In contrast to humans, mice carry several NLRP1
paralogs, one of which, NLRP1b, is missing in C57bl/6 mice.
Consistent with the activation of multiple NLRP1 paralogs
by DPP8/9 inhibitors, treatment of cells derived from Balb/c
mice with the 4-oxo-β-lactams 6, 9 and 12 as well as the
control compound 1G244 led to a much stronger inflamma-
some response than the analogous treatment of cells from
C57bl/6 mice (Figure 6B). In cells from Balb/c mice, the 4-
oxo-β-lactams 6 and 9 were more active than 12. In agree-
ment with a NLRP3-mediated inflammasome activation,
nigericin treatment was equally potent in cells from either
mouse line. Cleavage of the inflammasome effector protease
caspase-1 and its pore-forming substrate gasdermin D as
additional hallmarks of inflammasome activation was con-
firmed by western blot (Supporting Information Fig-
ure S1.7.). Importantly, the potential off-targets identified in
MS-based assays are not associated with DPP8/9’s effects in
inflammasome activation and pyroptosis and should not
interfere with these assays. FAP is involved in cell death and
ABHD16A is associated with lyso-PS and lipopolysacchar-
ide-induced cytokine production,[23, 26] but both seem to have
no direct relation with inflammasome activation. ELANE
has recently been associated with neutrophil-specific path-
ways downstream to inflammasome activation, but while
this pathway can be associated with IL-1β release, it is a
pyroptosis-independent, non-lytic pathway, which results in
no increase in LDH release.[27] Together, these findings

demonstrate inflammasome activation and thus DPP8/9
target engagement in primary immune cells.

Conclusion

The pursuit of selective inhibitors of DPP8 and DPP9 is a
current hot topic in chemical biology and an ongoing drug
design challenge intimately associated with the high struc-
tural similarity and shared substrate specificity of these
enzymes. Here, using an integrated and non-directed gel-
and mass spectrometry-based ABPP platform, we uncovered
the hidden pharmacology of 4-oxo-β-lactams and found that
meta-substituted N-aryl 4-oxo-β-lactams are potent and
structurally diverse DPP8 and DPP9 inhibitors with high
target occupancy and promising potency and selectivity. By
combining proteomics, chemical synthesis, structural biol-
ogy, and bioinformatics analyses, we were able to prototype
4-oxo-β-lactams as an innovative chemotype for DPP8
modulation, with rationally designed 4-oxo-β-lactam inhib-
itors achieving unprecedented levels of DPP8/9 selectivity,
e.g., reflected by compound 12 (>21× selective towards
DPP8) or compound 13 (>5× selective towards DPP9).
Elucidation of the ligand-protein crystal structures of 4-oxo-
β-lactams with either DPP8 or DPP9 then revealed the
presence of a previously unrecognized eS2’ subsite in DPP8
whose targeting by inhibitors may confer DPP8 vs. DPP9
selectivity.

Our studies thus suggest that a rational modification of
“classical” substrate-like inhibitors with structural units
targeting the here elucidated eS2’ subsite may hold the key
to more potent and selective DPP8 inhibitors. This valuable
structural data, which was absent in past DPP8/9 studies,

Figure 6. Inflammasome activation by DPP8/9 inhibitors. A) Wild-type and Caspase 1-deficient BMDCs were primed with LPS and then stimulated
with 5 μM nigericin, 10 μM VbP, 10 μM 1G244 or increasing concentrations of 6, 9 and 12 (10 and 100 μM) for 16 hr. B) Wild-type C57bl/6, Balb/c
and Caspase 1-deficient BMDCs were primed with LPS and then stimulated with 5 μM nigericin, 10 μM VbP, 10 μM 1G244 or 100 μM of 6, 9 and
12 for 16 hr. Releases of IL-1β and LDH into the supernatants were measured by an ELISA and a colorimetric assay, respectively.
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helped us to develop inhibitors with the highest DPP8/9
selectivity index described to date and will be crucial in
supporting future inhibitor design.

Importantly, while the ABPP experiments suggest a
good degree of selectivity within the serine hydrolase family,
caution and suitable controls should nevertheless be taken
when using these inhibitors in biological assays probing
DPP8/9 function as we cannot completely rule out other off-
target effects of our compounds.

Overall, the powerful and integrated platform combining
ABPP techniques and classical drug design unlocks access to
early data on potency and selectivity of compound leads and
is invaluable in avoiding pitfalls later in the drug develop-
ment pipeline.
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